Background: Traveling to high altitude has become more popular. High-altitude exposure causes hypobaric hypoxia. Exposure to acute high altitude, during air travel or mountain stays, seems to be safe for most patients with congenital heart disorders (CHD). Still, current guidelines for CHD patients express concerns regarding safety of altitude exposure for patients with a Fontan circulation. Therefore, investigating hemodynamic and pulmonary responses of acute high-altitude exposure (±2500 m) at rest and during maximal exercise in patients with Fontan circulation can provide clarity in this dispute and may contribute to improvement of clinical counseling.
| INTRODUC TI ON
The last decades, exposure to high altitude through air travel or recreational activities, such as skiing, hiking, and mountaineering have become more popular by all generations. 1 On ascent from sea level to high altitude the barometric environmental pressure is reduced almost linearly with altitude. At heights of ±2500 m above sea level, the partial pressure of oxygen (PO 2 ) drops to 15% oxygen of the ambient pressure at sea level. 2 Also, through air travel passengers are exposed to a low ambient cabin pressure comparable to an altitude between 1524 and 2438 m.
As a consequence of a lower ambient pressure, the PO 2 declines exponentially, which is commonly assumed to be the major physiological stimulus to adaptation at high altitude and might result in hypobaric hypoxia, a state of reduced oxygen concentration in the body. [2] [3] [4] Due to this hypoxia, the heart rate increases along with myocardial contractility and cardiac output. Consequently, cardiac output increases in rest and during exercise at high altitude compared to sea level. 5 The increase of cardiac output can almost entirely be explained by the rise in heart rate, because initially stroke volume does not change after exposure to acute hypoxia. 6, 7 Normally, healthy persons are able to compensate for hypoxia by increasing their minute ventilation and cardiac output. 6, 8 Mountain stays and traveling by airplane are safe and comfortable for most healthy individuals. However, research shows that even healthy persons can desaturate at high altitude at rest 9 and during exercise, 10 with extreme values below 90%. 9, 10 Patients with congenital heart disease are likely to be even more vulnerable to acute high-altitude exposure, since their compensatory response may be limited. 8 Their compensatory minute ventilation and/or cardiac output increase may be insufficient and they are therefore at risk of developing symptoms or complications related to hypobaric hypoxia.
Hypobaric hypoxia induces pulmonary vasoconstriction within minutes of exposure, 4 and therefore may amplify risks for patients with congenital heart disease. Concerns have been expressed in particular for patients with a Fontan circulation. During palliative surgery, a Fontan circulation is being created for patients with a congenital univentricular cardiac heart disease. 11, 12 The surgical procedure separates the systematic and pulmonary circulations by diverting the venous return directly to the pulmonary artery and therefore reduces the mixture of venous and arterial blood within the only one functional ventricle. 12 The cardiac output mainly depends on the left partial pressure and the transpulmonary gradient. 12 The main cause of a reduced exercise tolerance in Fontan patients is the altered hemodynamic response to exercise. Gewillig et al 13 Much remains uncertain about short-term altitude adaptation and tolerance in patients with Fontan circulation at rest and during exercise. So far, counseling has been based mainly on theoretical arguments. Physicians cannot provide evidence-based advice about recreational activities and traveling by airplane to their Fontan patients, because the evidence base is small. 19 Accordingly, investigating Fontan patients at rest and during exercise at high altitude is necessary to improve clinical counseling of Fontan patients for acute highaltitude exposure for air travel (rest) and for sport activities (exercise).
Therefore, the aim of this study was to investigate the effects of acute high-altitude exposure (±2500 m) on resting and exercise parameters in patients with a Fontan circulation compared to healthy controls.
| ME THODS

| Study population
The participants in this study were 21 patients with a Fontan circulation aged between 8 and 40 years and able to perform mod- 
| Design and protocol
To determine the hemodynamic and pulmonary effects of acute highaltitude exposure at rest and during maximal exercise, participants performed two Cardio Pulmonary Exercise Tests (CPETs). The CPETs were performed, in random sequence, at sea level (±6 m) and at simulated high altitude (±2500 m). To simulate the partial pressure of oxygen at 2500 m a hypoxic tent of 229 × 290 × 183 cm (CAT-430 Walk-In Tent, Boulder, USA) was filled with a gas mixture of 15% oxygen and 85% nitrogen using two generators (Hypoxico Everest Summit II Generator, BLM Altitude BV, Hoofddorp, The Netherlands). Oxygen levels were monitored using an oxygen analyzer (Geisinger GOX100). Furthermore, a fan was used to ensure that the gas mixture was evenly distributed in the tent. Both tests were performed at the Wilhelmina Children's Hospital (Utrecht, The Netherlands) within a time period of three months.
Before testing, using a case report form, the amount of exercise per week (in hours), the New York Heart Association (NYHA) functional classification and medication use were noted. Furthermore, anthropometry (height, body mass) and lung function were performed in all participants.
Blood pressure at rest was obtained in a lying position using arteriography (Arteriograph.nl, Amsterdam, The Netherlands). Furthermore, body composition (eg fat percentage) of the participants was measured using the Bodystat Quadscan 400 system (Bodystat Quadscan 400, EuroMedix, Leuven, Belgium). Body composition was not measured in patients with a pacemaker, due to safety guidelines of the system.
The CPET was performed on an electronically braked upright cycle ergometer (Lode Corrival, Groningen, The Netherlands). A ramp incremental exercise protocol was used, starting with 3 minutes of warm-up cycling, without resistance, after which a ramp incremental exercise protocol with increasing workload was performed until exhaustion. 20 Participants were encouraged to continue exercise until fatigue forced them to stop. Furthermore, participants were asked to rate perceived exertion (RPE) according to the Borg CR-10 scale.
During the CPET, participants breathed through a face mask (Hans Rudolph Inc, USA) connected to a calibrated metabolic cart (Ergostik, Geratherm Respiratory, Bad Kissingen, Germany). Volume measurements and breath-by-breath respiratory gas analyses were performed using a flow meter, which measured the ventilation (VE), and gas analyzer for oxygen and carbon dioxide. The following pulmonary functions were continuously measured: oxygen uptake (VO 2 ), carbon dioxide production (VCO 2 ), and respiratory exchange ratio (RER = VCO 2 /VO 2 ) were automatically calculated. The hemodynamic parameters such as stroke volume (SV) and cardiac output (CO) were measured continuously using a noninvasive thoracic impedance system (Physioflow, Accuramed bvba, Lummen, Belgium), which has been found reliable in evaluating patients with congenital heart disorders. 21, 22 During the cardiopulmonary exercise test a 10-lead electrocardiographic (ECG) recording system was used to monitor the heart rate (HR) continuously (AMEDTEC, AMEDTEC Medizintechnik Aue, GmbH, Germany).
Additionally, blood pressure was monitored every 2 minutes using an automated cuff (Suntech Tango, Suntech Inc, USA). Oxygen saturation was continuously measured using a pulse oximeter with forehead probe (Masimo Rad 8, Masimo bv, Tilburg, The Netherlands). 23 
| Statistical analysis
Data were checked for normal distribution, using the Kolmogorov-Smirnov test. First, descriptive analyses were performed to describe the patients and healthy controls. Second, the hemodynamic and pulmonary responses due to high altitude exposure in Fontan patients and healthy controls was examined with a repeated measures analysis of variance (ANOVA). One-way within-and between participants. A P value <.05 was considered statistically significant. All statistical analyses were performed using the SPSS statistical software (IBM SPSS 21.0).
| RE SULTS
| Descriptive characteristics
There were 21 patients with Fontan circulation and 21 healthy controls, between 8 and 40 years included in the analyses (22 children, 20 adults). Characteristics of the participants are presented in Table 1 . Thirteen Fontan patients had NYHA class I (no limitation of physical activity) and 8 had NYHA class II (slight limitation of physical activity). A total of eight Fontan patients had a pacemaker.
All patients completed the CPET at sea level and at simulated altitude. Due to technical problems, the hemodynamic values were unsuccessfully measured in two Fontan patients, one at sea level and one at simulated altitude. Furthermore, also due to technical problems the pulmonary variables were unsuccessfully measured in one healthy control at simulated altitude.
| Clinical outcome
All participants were able to perform CPET till exhaustion both at sea level and at simulated high altitude. No severe arrhythmias were detected on ECG in Fontan patients and healthy controls as well.
One Fontan patient collapsed because of a vasovagal reaction after both exercise tests. Fontan patients nor healthy controls reported other severe symptoms or complications of altitude exposure.
| Exercise testing
The results of the CPET test at sea level and simulated altitude in rest and at peak exercise are presented in Table 2 .
| Main effects of Fontan circulation
In rest, saturation rest , SV rest , and CTI rest were significantly lower in Fontan patients compared to healthy controls. However, arteriovenous oxygen difference (AvO 2 -diff) did not differ between Fontan patients
TA B L E 1 General characteristics of the participants
Fontan patients
Healthy controls and healthy controls in rest and during peak exercise. Furthermore, during peak exercise, W peak , VO 2peak , HR peak , saturation peak , VE peak , SV peak , CO peak , and contractility index (CTI) peak were significantly lower in Fontan patients compared to healthy controls, and the efficiency of gas exchange during exercise (VE/VCO 2 slope) was significantly higher in Fontan patients compared to healthy controls.
| Main effects of high altitude exposure
During peak exercise, W peak , VO 2peak , saturation peak , and AvO 2diff peak were significantly lower at high altitude compared to sea level, and VE/VCO 2 slope was significantly higher at high altitude compared to sea level. However, in rest only saturation was significantly lower at high altitude compared to sea level. Moreover, there was no significant main effect of high-altitude exposure on SV peak , SV rest , CTI rest , and CTI peak (P > .01).
| Interaction effects of high-altitude exposure between Fontan patients and healthy controls
The effect of altitude exposure was significantly different on VO 2peak
between Fontan patients and healthy controls. In Fontan patients, the VO 2peak during maximal exercise was 7.1% lower at high altitude compared to sea level, whereas in healthy controls the VO 2peak decreased 14.3% from sea level to high altitude. In addition, the effect of altitude exposure was significantly different between Fontan patients and healthy controls on AvO 2 -diff peak . In Fontan patients, the AvO 2 -diff peak during peak exercise decreased 1.6% from sea level to high altitude, whereas in healthy controls the AvO 2 -diff peak decreased 18.4% from sea level to high altitude. There was a significantly lower decrease in resting saturation during altitude in Fontan patients (−2.3%) compared to healthy controls (−4.1%), but not at peak exercise (P = .16).
| Individual results
To get a better insight into differences between low and high altitudes and the performance of both groups, individual values of the primary outcomes, saturation rest , W peak , VO 2peak , and AvO 2 -diff peak are visually shown in Figure 1 . Despite the significant differences in mean W peak , the effect of altitude exposure was not significantly different between Fontan patients and healthy controls. The same pattern of decline was present in both groups. Healthy controls were more affected in saturation rest , VO 2peak , and AvO 2 -diff peak due to acute altitude exposure. Comparison of the patterns showed a bigger decline in the healthy controls compared to the Fontan patients.
| D ISCUSS I ON
This study investigated the effects of acute high-altitude exposure (±2500 m) on resting and exercise parameters in patients with a
Fontan circulation compared to healthy controls.
We found a significant reduction in peak exercise capacity in both Fontan patients (7.8%) and healthy controls (7.1%) at simu- In healthy participants, a decrease of ±10% in oxygen uptake for every additional 1000 m ascended above 1500-m altitude is expected in maximal exercise. 25 In our study, healthy controls and Fontan patients had as expected, both a significant reduction of 14.3% and 7.1% in peak oxygen uptake from sea level to simulated high altitude which is in line with Buskirk et al 25 Surprisingly, high altitude had a significantly lower impact on peak oxygen uptake in Fontan patients compared to healthy controls.
At high altitude, the partial pressure of oxygen declines, which leads to a fall in arterial oxygen pressure, regardless of having congenital heart diseases. 9, 26 At rest, Fontan patients and healthy controls desaturated significantly from sea level to simulated high altitude. Moreover, further desaturation was observed during peak exercise in Fontan patients (6.9%) and healthy controls (8.2%).
Remarkably, this indicates that high altitude had less impact on saturation during resting conditions in Fontan patients compared to healthy controls. During peak exercise at high altitude, the saturation was comparable between Fontan patients and healthy controls. In this study, we found a higher trend in cardiac output in Fontan patients at high altitude compared to healthy controls, but this did not reach statistical significance. In addition, stroke volume and contractility index did not change significantly during acute highaltitude exposure. However, the peak oxygen uptake and exercise capacity was significantly lower at high altitude in Fontan patients and healthy controls. Therefore, peak oxygen uptake might be affected by a change in arteriovenous oxygen difference.
During physical exercise there is an increase in the arteriovenous oxygen difference. 27 4 However, in this study, there were no significant differences between sea level and simulated high alti-
tude. This is in agreement with Staempfli et al 18 who concluded the same, since they found no significant decrease in pulmonary blood flow at high altitude among Fontan patients. Therefore, we can presume that the pulmonary vasculature of Fontan patients did not react to hypoxia with vasoconstriction. It is hypothesized that the unexpected response to alveolar hypoxia could be the consequence
The individual values of the peak oxygen uptake (A) peak work load (B) saturation in rest (C) and at peak exercise (D), peak cardiac output (E) and peak arteriovenous oxygen difference (F) at sea level and high altitude for Fontan patients and healthy controls of remodeling of the pulmonary vasculature as seen in adults with long-standing Fontan circulation. 28, 29 Previously, Darst et al 32 showed that exercise capacity of Fontan patients decreased with increasing residential altitude. Also a lower transplant-free survival was observed in Fontan patient living at high altitude. 31 An increased pulmonary resistance might be detrimental for the cardiac function of these patients because it might predispose patients to both myocardial dysfunction and Fontan failure. A recent ESC statement recommends patients with cyanotic congenital heart disease associated with right to left shunt not to live at altitude, and recommends that patients with left to right shunt to stay at low altitude (<1500 m) to avoid the risk of pulmonary hypertension. 33 
| Limitations
| CON CLUS ION
Although, acute high-altitude exposure has a detrimental effect on exercise capacity, the impact on pulmonary and hemodynamic responses of high-altitude exposure is comparable between Fontan patients and healthy controls. However, it is advised that patients with a Fontan circulation should undergo a hypoxic challenge test before going to high altitude.
| INFORMED CON S ENT
All the included participants of the study gave informed consent.
When participants were under 18 years of age, their parents or caregivers gave informed consent.
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